We have investigated the supercontinuum spectra generated in an irregularly microstructured elliptic core fiber, a fiber with an elliptic core surrounded by irregularly arranged air holes. The supercontinuum spectra are strongly dependent on the polarization direction of the linearly polarized input pulse because of the large ellipticity of the core caused by the irregularity of air holes. From the simulation results obtained by solving numerically the generalized nonlinear Schrödinger equation with the adaptive split-step Fourier method, we show that the supercontinuum spectra can be analyzed as the sum of two supercontinuum spectra for the respective fundamental modes of the elliptic core. The polarization-dependent supercontinuum spectra could be useful in the implementation of a tunable broadband source.
Pure silica fibers having microscopic air holes in the cladding region, air-silica microstructured fibers ͑MFs͒, are of significant research interest. The air holes allow the strong light confinement in the core due to the high index contrast between the core and the cladding ͓1͔. The dispersion properties of MFs can be controlled by changing the diameter and configuration of the air holes. It has been demonstrated that the high nonlinearity induced by the strong light confinement and the controllable dispersion properties can give rise to ultrawide supercontinuum ͑SC͒ spectra ͓2͔ that are useful in anti-Stokes Raman spectroscopy, optical coherence tomography, and frequency metrology ͓3-5͔.
Pure silica fibers having irregularly arranged air holes in the cladding region, irregularly microstructured fibers, can also guide the tightly confined light due to the high index contrast between the core and the cladding, and generate SC. Town et al. reported the SC spectra generated in a randomly microstructured air-silica optical fiber by using a Q-switched Nd:YAG laser with the temporal width of 45 ns ͓6͔. However, the characteristics of SC generation in irregularly microstructured fibers by using ultrashort femtosecond pulses has rarely been reported.
In this paper, we present experimental and numerical investigations on the SC spectrum generated in an irregularly microstructured elliptic core fiber ͑IMEF͒ varying the polarization direction of the linearly polarized input pulse. Since the high ellipticity of the core due to the irregularity of air holes in the cladding region brings about anisotropic dispersion, the SC spectra depend on the polarization direction of the input pulse as is the case for highly birefringent MFs with elliptic cores surrounded by periodic arrays of regular air holes ͓7-9͔. The simulation results confirm that the SC spectra can be analyzed as the sum of two SC spectra for the respective fundamental modes of the elliptic core as reported in the previous experimental study ͓7͔. The ratio of the input power split into the two fundamental modes of the IMEF plays important roles in the variation of the SC spectrum. Figure 1 shows the scanning electron micrograph image of the cross section of the fiber used in the experiment. Air holes are irregularly arrayed and their sizes are also irregular. The largest ͑smallest͒ diameter of air hole is about 1.7͑0.8͒ m. The elliptic core has a long ͑short͒ axis of about 2.0͑1.0͒ m.
Shown in Fig. 2 are the simulated intensity profiles of two fundamental guiding modes of the IMEF at the central wavelength of the input pulse, 800 nm. The simulations were performed by the finite-element method ͓10͔. The shapes of air holes were assumed to be circles in the simulation. The black circles denote the air holes. There are two fundamental guiding modes for the elliptic core fiber. One is a mode whose electric-field direction is parallel to the long axis of the elliptic core ͑a͒ and the other is a mode whose electric-field direction is orthogonal to that ͑b͒. We name the former ͑lat-ter͒ a long ͑short͒ axis mode for convenience. Lehtonen et al. reported that the SC spectral components generated in a highly birefringent MF with an elliptic core maintain their polarizations as the pulse propagates along the fiber ͓8͔. Figures 3͑a͒ and 3͑b͒ display the far-field images of the long axis and the short axis modes taken by a camera, respectively. The modes have elliptic shapes, as expected. The ellipticity of the modes is about 2, like the ratio of the real elliptic core. From the different colors of the two modes, it is expected that the two modes have different spectral components.
For the experimental study, the Ti:sapphire laser with about 15-fs pulse width was employed. The central wavelength of the pulse is 800 nm. The pulse power is about 300 mW and its repetition rate is 87 MHz. A 12-cm-long IMEF was used. The spectra and power of the output pulse were measured by an optical spectrum analyzer and a Si-based photodetector, respectively. The polarization direction of the input pulse was controlled by a half-wave plate with a motorized stage.
The experimental results of the SC spectra for the long axis mode ͑cyan solid line͒ and the short axis mode ͑blue dashed line͒ are shown in Fig. 4 . The red dotted line is the spectrum of the input pulse ͑700-950 nm͒. One can see that the output spectra have new spectral components which are not in the spectrum of the input pulse. The emergence of new spectral components has been generally explained in terms of the zero dispersion wavelength, solitons, and resonant dispersive waves ͓11-13͔. It has been well known that, when an ultrashort pulse of high peak power is launched to a highly nonlinear fiber, a soliton is generated at a wavelength longer than the zero dispersion wavelength of a fiber ͑anomalous dispersion regime͒ and the resonant dispersive wave correlated with the soliton is simultaneously generated at a wavelength shorter than the zero dispersion wavelength ͑normal dispersion regime͒.
The dispersion of the used fiber is depicted in cal ones. The zero dispersion wavelengths for the long axis and the short axis modes are 740 nm and 683 nm, respectively. The zero dispersion wavelength for the long axis mode is longer than that for the short axis mode. This means that the wavelengths of the soliton and the resonant wave for the long axis mode should be longer than those of the soliton and the resonant wave for the short axis mode. As can be seen in Fig. 4 , the SC spectra of the long axis and the short axis modes show the characteristics well, that is, the wavelength 1174 nm ͑494 nm͒ of the soliton ͑the resonant dispersive wave͒ for the long axis mode is longer than the wavelength 1116 nm ͑450 nm͒ of the soliton ͑the resonant dispersive wave͒ for the short axis mode. In addition, for the long axis mode, there is a second one around 935 nm and the corresponding resonant wave is around 570 nm.
It is obvious that the SC spectrum changes when the polarization direction of an input pulse varies from the long axis direction of the elliptic core to the short axis direction. Figure 6 shows the experimentally measured SC spectra for = 0°to 90°in steps of 15°, where is the angle between the polarization direction of the input pulse and the long axis direction of the elliptic core. One can see that the bandwidth of the SC spectrum becomes narrower as the polarization direction of the input pulse gets farther away from both principal axes directions. The power of the linearly polarized input pulse is split into the long axis and the short axis modes when the polarization direction of the input pulse is not parallel to either of the principal axes. The splitting of the input intensity gives rise to weaker nonlinear effects which are mainly responsible for the SC generation. Thus, we assume that the SC spectrum at is the sum of the SC spectrum for the long axis mode and that for the short axis mode. It is worth noting that Proulx et al. showed in their experimental study that the SC spectrum generated is the superposition of the SC spectral components associated with each fundamental mode of highly birefringent MFs with elliptic cores ͓7͔.
To confirm the dependence of SC spectrum on the polarization of the input pulse, we simulated the SC spectrum by solving the generalized nonlinear Schrödinger equation ͑GNLSE͒ which is shown below ͓15͔,
where A͑z , t͒ is the pulse envelope in a retarded time frame t moving with the group velocity of the pump pulse along the fiber axis in the z direction. The dispersion parameters ␤ m are estimated from a polynomial fit to the dispersion of the fiber, ␣ the propagation loss, ␥ the nonlinear parameter, 0 the central angular frequency of the pump pulse, and R͑tЈ͒ the Raman response function. The estimated walk-off length is about 1 mm for 15-fs pulses propagating in this highly birefringent IMEF and the spectral components generated in a birefringent MF maintain their polarizations during the propagation. Short walk-off length and maintenance of the polarization of the spectral components mean that the crossphase modulation effects are so weak that they may be omitted in Eq. ͑1͒. We consider the input pulse to have a hyperbolic-secant shape,
where P 0 is the peak power of the pump pulse, T 0 = T FWHM / 1.763 and v g ͑ 0 ͒ the group velocity at the central angular frequency of the input pulse 0 . We consider a temporal width T 0 of 8.5 fs and the nonlinear parameter ␥ of 95 W −1 km −1 . The dispersion parameters, ␤ m obtained from the simulation results for both principal axes which are shown in Fig. 5 are listed in Table I . The GNLSE was numerically solved by the adaptive split-step Fourier method that has been implemented to increase the computation speed ͓16͔. The previous studies on the SC generation in MFs by solving the GNLSE numerically with the adaptive split-step Fourier method have shown that the simulated results are in good agreement with the experimentally measured ones ͓17͔. Figure 7 shows the simulated SC spectra for the long axis and the short axis modes when increases from 0°to 90°. The cyan solid ͑blue dashed͒ lines indicate the SC spectra for the long ͑short͒ axis mode and the red dotted lines the experimental data. In simulations, the split input powers for the long axis and short axis modes were assumed to be P l ͑͒ = P i cos 2 and P s = P i sin 2 , respectively. P i is the coupled power into the IMEF. The experimental value of P i is 49.64 mW that corresponds to the peak power of P 0 = 33.6 kW. The losses for the long axis and short axis modes were assumed to be ␣ l ͑͒ = ␣ 1 cos 2 and ␣ s ͑͒ = ␣ 2 sin 2 , respectively, because the losses depend on the input powers for the modes, where ␣ 1 = 0.286 dB/ cm and ␣ 2 = 0.268 dB/ cm. The simulation results are in good agreement with the experimental ones. One can see that the SC spectrum for the long axis mode gets narrower but that for the short axis mode becomes wider when increases from 0°t o 90°because the split input power into the long axis mode decreases but the split input power into the short axis mode increases. It is worth noting that the sum of the SC spectra for the two modes well explains the two soliton peaks in the longer wavelength range, when the polarization direction of the input pulse is around the middle of the two principal axes, = 30°, 45°, and 60°.
We have investigated experimentally and numerically the SC spectra generated in a microstructured fiber having an elliptic core surrounded by irregularly arranged air holes. The large ellipticity of the core due to the irregularity of air holes gives rise to the strong polarization-dependent SC spectrum. We simulated the polarization-dependent SC spectra by solving numerically the GNLSE with the adaptive split-step Fourier method. The numerical results show that the SC spectra are well explained as the sum of two SC spectra for the corresponding two fundamental modes of the fiber. The polarization dependence of SC spectra provides the possibility of tailoring the bandwidth of the SC spectrum.
